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(54) Thin film deteetor of ultraviolet radiation, with high spectral selectivity option 



(57) Thin film detector of ultraviolet radiation , with 
high spectral selectivity option, consisting of a staicture 
placed between two electrodes, f ormed by the superpo- 
sition of semiconductor thin films such as hydrogenated 
amorphous silicon and Its alloys wflh carbon. The device 
is able to absorb a large quantity of UV radiation and to 
convert it into electric current being transpasrent to pho- 
tons of longer wavelenghts. Its deposition technique al- 
lows fabrication on substrates of glass, plastic, metal, 
ceramic types of materials (also opaque, also flexible), 



on which a conductor material film has been pre-depos- 
ited. It can be fabricated on substrates of any size. Its 
field of application concerns: - detection systems oper- 
ating in the ultraviolet spectrum and/or one or two addi- 
tional band functioning In other spectral regions; - ultra- 
violet radiation detection systems with high rejection of 
radiation at greater wavelengths. For example, it finds 
advantageous applications in the area of laboratory 
spectroscopy, clinical diagnostics, clinical analyses, as- 
trophysics, astronomy, and other applications. 
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Description 

This invention concerns a sensor that permits de- 
tection of ultraviolet light (UV with X <400 nm wave- 
length) with high rejection of radiation at longer wave- 
lengths. 

The photodetector presented herein consists of a 
p-*'-n'^ junction in hydrogenated amorphous silicon-car- 
bon alloy (a>SiC:H) between two electrodes connected 
with the exterior and is fabricated with the well-known 
technologies for thin films. The temperatures during the 
whole fabrication process are such that it can be real- 
ized on any substrate: glass, plastic, metal. Thanks to 
the technologies used, fabrication is possible under the 
form of large-area, high resolution two-dimensional nna- 
trixes. 

The Invention In question lies in the field of UV ra- 
diation detection and finds application in the case of de- 
tection of ultraviolet components of the light on an un- 
wanted background of visible and/or infrared radiation 
to be filtered, in whbh a high spatial resolutbn of the 
two-dimensional image is necessary. 

The Invention can be used to detect phenomena ac- 
companied by emission of light; for example, instrumen- 
tations for detection of astronomic and astrophysical da- 
ta; instrumentations for control of reactions in chemical 
and biological fields; ionized gases spectroscopy (fu- 
sion plasmas and electric shock plasmas; clinical diag- 
nostics, etc.). 

It can be employed in the devekipment of: 

detection systems with one window functioning In 
the ultravblet spectrum and with one or two addi- 
tional windows functioning in other spectral regions; 

ultraviolet radiation detection systems with high re- 
jection of radiation at bnger wavelength; 

large-area, high-resolution matrix systems of detec- 
tk>n in the uftravk>let spectral range. 

The real focal point of the inventton lies h the pos- 
sibility to absorb a large quantity of ultraviolet radiation 
and to convert it into electric current letting, instead, the 
photons of other spectral ranges pass unhindered. In 
this invention the UV light absorption Is made possible 
by the folbwlng factors: 

the frontal electrode is a metal grid which offers to 
the incident light open areas through which the light 
can pass; 

the UV that passes through these open areas is ab- 
sorbed in the p-*- layer and converted into electric 
charge carriers; 

the electrons photogenerated in the p-** can reach 
the rear electrode, crossing the entire structure. 



Selectivity in the ultraviolet is possible if the thick- 
ness of the detector Is much below the dimension on 
which there is a strong absorptbn of the visible and in- 
frared rad'atbn. 

s Currently some types of highly sensitive ultraviolet 
light photodetectors are commercially available. We 
shall divide these UV detectors into two categories: (a) 
single-channel detectors, for a punctual detection, and 
(b) multi-channel detectors, for a two-dimensk>nal de- 

10 tection. The single-channel detectors include: the pho- 
tomultiplier tubes and the crystalline silicon photodi- 
odes. Multi-channel detectors are: the crystalline silicon 
photodkxie arrays, the charge-coupled devbes (CCD) 
and the multi-channel plates (MCP). The well-known 

IS photomultlplier tubes permit the detection of ultraviolet 
radiation with high sensitivity and selectivity with respect 
to the visible, by appropriately selecting the cathode ma- 
terial. However, the use of photomultlpliers has a 
number of disadvantages which are overcome by the 

20 Invention in question. In fact, photomultlpliers require 
typical power supply voltages exceeding one thousand 
volts: they are vacuum tubes, difficult to handle, bulky, 
and which do not allow the integratton of several ele- 
ments. 

2S Crystalline silicon photodbdes have an optimum ef- 
ficiency in the. visible spectral range but can allow the 
detection of ultraviolet radiatbn only after sophisticated 
and expensive mechanical and optical treatments. They 
require low power supply voltages and can be integrated 
30 in arrays of a few centimeters size. 

Concerning the UV-CCDs, they are crystalline sili- 
con components for whbh are necessary very special 
treatments, as well. They are multi-channel detectors 
which are highly sensitive, with high signal/noise (S/N) 
35 ratios, especially if they work at low temperatures. Ba- 
sically CCDs are analog, linear shift registers: the elec- 
trons photogenerated within the silbon are collected in 
a matrix of pixels whbh are then read sequentially; the 
two-dimensional image can thus be reconstructed. But, 
40 at least three major disadvantages exist for detection of 
ultraviolet radiatbn by CCDs : the cost, the impossibility 
to provide targe-area two-dimensional matrbces^ and the 
necessity to filter the visible radiation in the case that 
ultravblet components on another radiation background 
45 nnust be detected. 

The Micro-Channel Plates (MCP) amplify even very 
weak light signals, through a cascade multiplicatbn 
process. They consist of millions of microscopic conduc- 
tive glass tubes fused together in a disc-form base, to 
the heads of which Is applied a high potential difference 
(typbally of 1 ,000 V). The MCPs can function as image 
intensifiers or as photon courrters and, thuis, have an ex- 
cellent sensitivity. They are treated at the input stage, 
with the deposition of a selective sensitivity photocath- 
55 ode, and at the output stage, with a phosphorous shield. 
Due to their high sensitivity and S/N ratio performances, 
MCPS are used in space applications and in astrophys- 
ics. However, the wide commercialization of MCPs en- 
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counters difficulty because of their high costs due to the 
technological complication and the 1 ,000 V power sup- 
ply. 

With respect to the comnnercial UV photodetectors. 
the Invention solves the problems of. filtering of the s 
background visible and infrared radiation; electric power 
consumption; large areas integration, and, in addition, 
is less costly. 

With the invention presented herein the optimiza- 
tion of the thicknesses and coefficients of absorption of io 
the amorphous semiconductor layers composing the 
junction, as well as of the geometry of the metal grid that 
serves as frontal electrode is performed. Besides in- 
creasing the maximum detection efficiency in the UV, 
this optimization allows also tuning of the operating is 
band of the detector by shifting It toward the near UV 
radiation or toward the far UV radiation, depending on 
the applications. In fact, It had already been demonstrat- 
ed by other researchers that, by acting on the deposition 
parameters and on the type and concentration of Impu- so 
ritles in the eventual alloy with silicon, absorption could 
be enhanced in the visible range toward the UV or to- 
ward the infrared radiation. Thus the physical parame- 
ters to be optimized are: (a) the absorption profile and 
(b) the thickness of the detector. This optimization can ss 
be obtained by the control of the deposition parameters 
among which, according to the inventors: 

the deposition time 

30 

- the percentage of carbon in the alloy. 

The optimization and the reproducibility of the thick- 
nesses of the layers is made possible by control of the 
Glow Discharge time of depositbn. the other parame- 3S 
ters being fixed. The coefficients of absorption of the hy- 
drogenated amorphous silicon alloy .instead, depend 
upon the fundamental properties of the material such 
as. the extension of the energy and optical gap of the 
semiconductor and the density of the defect states in 40 
the gap. These, in turn, depend upon the growth param- 
eters in a very complicated way. A sjmple and repeata- 
ble method for varying the'absorption coefficient profile 
as a function of the wavelength is to form silicon/carbon 
or silicon/germanium alloys in known percentages. This <s 
is obtained through the Introductton of a controlled flow, 
respectively, of methane or germanium gas in the dep- 
osition chamber. The resultant carbon/silicon alloy is an 
amorphous semiconductor of a greater energy gap than 
the amorphous silicon, which penalizes the absorption 
of the visible and of the infrared with respect to the ul- 
traviolet radiation. 

However, the a-SiC alloy to be used in the device 
In question must not contain too high percentages of 
carbon with respect to silicon, because its electronic 
properties would prove poor. 

The invention is now described on the basts of a 
version currently preferred by the Inventors and making 
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reference to the folbwing Figures, enclosed: 
Fig. 1 : Physical structure of the invention: 

- view from above (1a) depicting the metal grid 
(5) and the transparent element (6) (glass, 
quartz, etc.) 

- cross section (1b) depicting: the thin semicon- 
ductor layers (1 . 2 and 3), the transparent con- 
ductor (4), the metal grid (5) and the glass (or 
quartz) (6). 

Fig. 2: Schematization of the profile of the light in- 
tensities within the devkse for three sample wave- 
. lengths. 

Fig. 3: Schematic representation of the expected 
quantum efficiency curve in case of high selectivity . 

Fig. 4: Schematic representatton of the expected 
quantum efficiency curve in case of high sensitivity 
also in the visible. 

In Fig. 1 is shown the need for an Intermediate layer 
between two p+ and n* amorphous silicon doped layers, 
for the purpose of fomning the rectifying junction. This 
intermediate layer must be very slightly defected; this is 
obtained, for example, by using low doping or undoped 
(intrinsic) layer so as to form, respectively, a p+-p--n--n+ 
or a p+-i-n+ structure. In the case of the p+-i-n^^ detector, 
the application of a reverse polarization may not be ef- 
fective, because the junctbn would be crossed by a sig- 
nificant dark current due to microscopic short circuits 
which wouW penalize the relationship between photo- 
current and dark noise. The presence of a significant 
inverse saturation current is typbal of very thin and de- 
fected p-i-n- diodes in a-Si:H. From these consWera- 
tions. a better operation of the device In question is to 
be expected in temns of S/N ratio, with polarization volt- 
ages around zero. 

concerning Figure 1 b, it must be borne in mind that 
the Teal dimensions of the layers will be qualitatively dis- 
cussed In the patent text. In the drawing the relation- 
ships between dimensions are not maintained due to 
graphics reasons. 

In obsen/Ing Figure la. it is noted that the elec- 
tromegnetic radiation penetrates into the amorphous 
device through the open regions of the metal grid and 
crosses serially layers (Fig. lb): p* of a-SiC:H; intrinsic 
or pVn- of a-SiC:H; n+ of a-SI:H. The order of the various 
layers composing the device is reversible in case of use 
of a substrate transparent to the UV light, such as 
quartz, magnesium fluoride or the like. In this case, the 
structure becomes: substrate, metal grid, p+-n+ junction 
with the previously described Intermediate layer, rear 
electrode. 

However, the first active layer is the p+ layer (which 
we will call window layer). Based on the typical values 
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of the absorption coefficients provided in literature rt is 
found that, in a p+ of a-SiC:H with 50% percentage of 
carbon, all the ultraviolet radiation is absorbed essen- 
tially in the first 5 nm (Fig, 2), This dimension is of the 
same order as the diffusion length of the electrons (mi- 
nority carriers) in that material. Hence, by dimensioning 
the thickness of the p+ layer around this value a good 
probability is anticipated for collection of the electron- 
hole pairs photogenerated in the p+ layer after the ab- 
sorption of the UV Thinner thickness of the p+ fayer is 
technologically inadvisable as It worsens the quality of 
the junction, whereas greater a-SiC:H thicknesses 
would penalize collection of carriers and. consequently, 
the photocurrent. Greater thicknesses could be consid- 
ered of the p+ layer of an a-SiC:H alloy less rich In car- 
bon could be considered, since the diffusion length Is 
greater in this case the transparency to the visible 
would be less (and selectivity as well). 

The high value of energy gap of the p-^ layer (also 
exceeding 2 ev) enhances transmission of the visible 
radiation which, thus, is negligibly absorbed in the p^ 
layer. 

The holes photogenerated In the p-** by the UV tight 
are collected by the metal grid electrode. The electrons 
photogenerated in the p+ layer diffuse and reach the n+ 
layer, where they are the majority carri^ and. thus, are 
collected by the rear electrode. In the intermediate layer 
the electrons move by effect of the external voltage or 
of the contact potential, having specified that this pho- 
todetector may or may not be polarized, depending on 
the structure chosen. 

By fixing the thickness of the intermediate a-SiC:H 
layer on the order of some tens of nanometers the, col- 
lection probability is high. The visible radiation is ab- 
sorbed in the intermediate region in an amount that in- 
creases with increase in thickness. With the thickness 
of some tens of nanometers a significant absorption is 
obtained of the portion of the visible spectrum adjacent 
to the ultravtolet radiation i.e., of the blue (while the red 
would be so weakly absorbed as to cross almost unhin- 
dered the a-SIC:H intermediate layer, arrive in layer n+ 
and escape through the-transparsnt electrode and sub- 
strate). 

The situation is schematically represented in Fig. 2. 

The use of an intermediate layer in a-SiC:H de- 
creases the absorption of the visible radiation and con- 
tributes to the selectivity of the detector, respect to the 
case of an a-Si:H intermediate layer. 

In the thick n+ layer of a-Si:H the collection of pho- 
togenerated carriers is an event of negligible probability. 

In other words, selectivity in the ultraviolet band is 
ensured by the following factors: 

transparency of the p^ layer to the visible light (a- 
SiC:H) 

low absorption profile In the visible also in the inter- 
mediate layer (a-SiC:H) 



small thickness of the Intermediate layer. 

The high quantum efficiency in the ultraviolet radi- 
ation is ensured by the relationship between open area 

5 and opaque area In the metal grid, and between thick- 
ness of the p-*^ layer and length of diffusion of electrons. 

FronrY what has been said, a maximum sensitivity of 
the detector is obtained in the ultravkDlet radiation, which 
progressively decreases with the increase in wave- 
to length, i.e. from the blue toward the red. with insignifi- 
cant efficiency values in the infrared. 

Let us clarify the meaning ot maximum sensitivity in 
ultraviolet radiation. In principle, if the diffusion length in 
the p-*- layer was much greater than its thickness, all the 

IS carriers photogenerated in the p-*- would have a high 
probability of contributing to the photocurrent. also those 
generated in the mere surface. 

However, this is not the case, since from literature 
it Is known that the dlffuskxi lenght of electrons in that 

so rnaterlal does not exceed a few nanometers. Thus, the 
sensitivity should decrease with wavelenght on the far 
UV range. Another mechanism takes place, which in- 
creases the collection probability of photocarriers with 
decreasing wavelenght: the electron yield effect This 

55 effect gives rise to the generatk)n of more than one elec- 
tron-hole couple after absorption of one photon, If the 
photon energy largely exceeds the energy gap of sem- 
iconductor. For example, photons with wavelenght be- 
bw 300 nm have energies greater than two times the 

30 energy gap of the a-SiC: H used in p^ layer, and can con- 
tribute to a multiple photogeneration mechanism, con- 
sidering all the effects mentioned above the sensitivity 
of the photodetector shouki remain constant over all the 
UV band, also in the far-ultraviolet radiation and beyond. 

35 Fig. 3 shows inhicatively the expected quantum ef- 
ficiency curve in arbitrary units for a structure like that 
shown in Fig. 1 . calculated on the basis of the absorption 
relative to the various wavelengths and of the typical val- 
ues provided In literature of the transport constants of 

40 the semiconductors under study. 

With this Invention it is possible to produce also a 
photodetector with high spectral response in the UVand 
also In the visible region (i.e. of the type schematically 
represented in Fig. 4). In this case the structure is the 

4S following: p-^-i-n*^, modified according to the following 
criteria: 

an intrinsic layer is deposited in a-Si: H instead of a- 
SiC:H. to increase absorptbn of the visible; 

so 

its thickness is increased up to a few hundreds of 
nanometers, as is used In a-Si:H solar cells, where 
it is intended to absorb the visible; 

55 . a metal rear electrode is applied, to reflect the still 
unabsorbed radiation and cause it to pass again in 
the active layer. 
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The deposition technique used for the photodetec- 
tor permits fabrication on glass, plastic, metal and ce> 
ramie types of substrates (also opaque and flexibite) on 
which a conductor material film has been pre-deposited. 
In addition, said technique allows fabrication in any ar- 
ea, even very large area surfaces, if the deposition ma- 
chine is set for large area work. Thus, by utilizing the 
concepts just expressed, large-area, two-dimensional 
matrixes can be fabricated of said photodetectors (pix- 
els), whose minimum dimension depends on external 
factors (the lithographic technique in use) and deter- 
mines the spatial resolution. To this is added the fact 
that the thicknesses and profiles of absorption of the lay- 
ers can be optimized so as to make the window func- 
tioning in the ultraviolet spectrum very selective. Fur- 
thenrpore. it the rear electrode and the substrate are 
transparent to the visible, a large part of the transmitted 
radiation can finally exit from the detector through them 
enhancing seiectivrty. Said thicknesses and profiles of 
absorption of the layers can be optimized so as to ex- 
tend the operation of the detector to the visible. As men- 
tioned earlier, to further Increase the efficiency of detec- 
tion in the visible, a metal rear electrode can be used, 
which reflects radiation , making it to pass through the 
intrinsic layer for the second time. 

The present structure can be lengthened to a baqj^- 
to-back diode structure (of the type: p+-l-n+-i-p+). still 
composed of thin films of hydrogenated amorphous sil- 
icon and its alloys such that they present a second op- 
eration band In another spectral range. The back-to- 
back diode photodetector presents a second operation 
band at longer wavelengths , which can be in the infra- 
red region if the second added dkxie is made of hydro- 
genated amorphous silicon-germanium alloy The pho- 
todetector diode structure can be further lengthened to 
a p+-i-n+-i-n+-l-p+ stnjcture (according to the Information 
of applic. No. RM94A 000294), also composed of thin 
films of hydrogenated amorphous silicon and its alloys, 
which has a second and third operation bands centered 
at longer wavelengths, under the polarization conditions 
explained in the above-mentioned patent. 
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ized by the fact that the diode structure can be 
lengthened to a back-to-back diode structure, again 
made up of thin films of hydrogenated amorphous 
silicon and its alloys such as to present a second 
band functioning in another spectral range. 

A photodetector according to claim 3, characterized 
by the fact that it presents a second band function- 
ing at longer wavelengths . as in the infrared range 
if the second added diode is made up of hydrogen- 
ated amorphous silicon-germanium alk>y. 

A photodetector according to Claim 1 . character- 
ized by the fact that the diode structure can be 
lengthened to a p*-i-n+-i-n+-l-p"^ structure (accord- 
ing to the information of applic. No. RM 
94A000294), also consisting in thin filnns of hydro- 
genated amorphous silicon and Its alloys which 
presents a second and third spectral window cen- 
tered at longer wavelengths, under the polarization 
conditions explained In the above-mentk>ned pat- 
ent 

A photodetector according to claim 1 , characterized 
by the fact that it can be fabricated In different ma- 
terials, provided that they satisfy the desired func- 
tional characteristics. 

A photodetector according to the previous Claims, 
characterized by the fact that it can be employed in 
the fabrication of large-area, high-resolution matrix 
for UV detection systems. 



Claims 



Photodetector with spectral band operating In the 
ultraviolet region (Fig.1b),characterized by the fact 
that it is a structure composed of an overlaying of 
sembonductor thin films, preferably of hydrogenat- 
ed amorphous silicon (3) and its alloys with cartDon 
(1)(2), placed between two electrodes (4), (5) and 
deposited on a substrate (6). 



45 



so 



A photodetector according to Claim 1 , character- 
ized by the fact that its structure forms a p+n+ rec- 
tifying junction (2), (3) in a-SiC:H/a-Si:H. 



55 



3. A photodetector according to Claim 1 , character- 
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p* intermediate layer 11* X 

X- distance from the surface exposed to radiation 
Y- intensity of the light in the detector 



Fig. 2 
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Fig. 3 
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Thin film detector of ultraviolet radiation, with high spectral selectivity option 



(57) Thin film detector of ultraviolet radiation . with 
high spectral selectivity option, consisting of a structure 
placed between two electrodes, formed by the superpo- 
sition of semiconductor thin films such as hydrogenated 
amorphous silicon and its alloys with carbon. The device 
is able to absorb a large quantity of UV radiation and to 
convert It into electric current being transpasrent to pho- 
tons of longer wavelenghts. Its deposition technique al- 
lows fabrication on substrates of glass, plastic, metal, 
ceramic types of materials (also opaque, also flexible), 



on which a conductor material film has been pre-depos- 
ited. It can be fabricated on substrates of any size. Its 
field of application concerns: - detection systems oper- 
ating in the ultraviolet spectrum and/or one or two addi- 
tional band functioning In other spectral regions; - ultra- 
violet radiation detection systems with high rejection of 
radiation at greater wavelengths. For example, It finds 
advantageous applications In the area of laboratory 
spectroscopy, clinical diagnostics, clinical analyses, as- 
trophysics, astronomy, and other applications. 
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